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This note discusses the design of 35-W and 75-W VHF linear 
amplifiers. The construction technique features printed induc- 
tors, the design theory of which is fully described. Complete 
constructional details, including a printed circuit layout, facilitate 
easy reproduction of the amplifiers. 



Solid-state VHF amplifier design can be simplified by 
employing printed or etched lines for impedance match- 
ing. The lines, having a distant ground-plane reference 
and high Z , can be treated as lumped constant induc- 
tors, and make design and duplication easier than with 
wire-wound inductors. 

An example is an optimized 35-W amplifier which 
yields over 10 dB of power gain across the 2-meter 
amateur band. It employs an inexpensive, non-internally 
matched transistor, the MRF240, which has good linear 



characteristics for SSB operation. 

A higher power version with the same board layout is 
concentrated around the MRF247, although this results 
in some compromise in the impedance matching. 

A carrier operated T/R switch (COR) is incorporated, 
allowing applications such as a booster amplifier for 
hand-held and mobile radios. 

Both designs are biased class AB for linear operation, 
but are suitable for FM operation as well. Figure 1 shows 
the two amplifiers. 



FIGURE 1 - 35-watt and 75-watt Engineering Models 
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GENERAL 

VHF solid state amplifier design is almost exclusively 
done with lumped constant LC matching networks. 
Broadband transformer matching is feasible when ex- 
tremely wide bandwidths are required. Transmission lines 
for impedance transformation usually require quarter- 
wave electrical lengths and make designs bulky at VHF 
unless materials with high dielectric constant are used. 
Transmission lines can be realized with coaxial cable or 
printed lines (strip-lines) on a circuit board with a con- 
tinuous ground plane, separated by a suitable dielectric 
material. The printed airlines discussed here are, in fact, 
high characteristic impedance transmission lines which, 
for the purposes of design calculation, are treated as 
inductors; therefore the quality of the board material is 
less critical. The printed airlines also have the advantage 
of repeatability and easy access for designing multi- 
element networks. The network calculations can be done 
in the same manner as if lumped-constant, round-wire 
inductors were used. 

Input and output impedance matching in transistor 
amplifiers is required to transform the source impedance 
(usually 50 ohms) to the low complex input impedance 
of the device. The output load impedance, which is a 
function of the supply voltage and power level, must 
also be matched to a 50-ohm load except in multistage 
driver designs. 

At VHF, the input and output impedances of a power 
transistor are both usually inductive in reactance (desig- 
nated as +JX in data sheets), becoming capacitive (-JX) 
at lower frequencies. For transistors such as MRF240, 
2N6084 and 2N5591, the crossover point is around 
100 MHz. This is determined by the transistor die size, 
geometry and package type, and smaller devices can be 
capacitive up to UHF frequencies. 

Since the bandwidth required here is only a fraction 
of an octave, (140-150 MHz) the impedance matching 
can be adequately done with two section networks. In 
Figure 2, Xi, which represents the +J input of the 
MRF240 transistor is not part of the external input 
matching network. Cj and Cg are dc blocking capacitors 
with measured parasitic inductances of close to 1 2 nH at 
the center frequency when the lead lengths are 0.1 inch. 



These inductances, as well as the relay inductance, are 
added to the values of Li and L5. 

If the relay were used in a 50-ohm system, it would 
result in 0.3 dB power loss due to impedance mismatch 
and losses. This can be minimized if the relay inductance 
is used as part of a resonant circuit, but the series in- 
ductance (37 nH per contact pair) obviously places an 
upper frequency limit. 

The simplest approach to matching network design is 
with a purely resistive source and load. This can be 
accomplished by compensating the +J with an equal 
amount of capacitance (-J). C3 and C4 are used to 
accomplish the compensation in Figure 2. This is not 
always practical, however, especially when maximum 
bandwidths are required. In this case, only part of the 
inductive component may be cancelled, leaving the base 
and collector still inductively reactive. In either case, it 
may be considered that part of the impedance-matching 
occurs within the device package itself; this is more 
obvious with internally matched devices, which are dis- 
cussed later. 

35-W LINEAR AMPLIFIER 

The MRF240 was chosen for this application due to 
its ruggedness against load mismatch and inherently high 
power gain for a non-internally matched device. The 
transistor is rated for an output power of 40 W and 
a power gain of 8 dB at 175 MHz. A typical power gain 
at 145 MHz is 10 to 11 dB. At this frequency the input 
and output impedances of the MRF240 are 0.6 +J 0.8 
ohms and 2.0 +J 0.1 ohms respectively (P oul = 35 W). 

Before designing the matching networks, the values 
of C3 and C4 must be established to cancel the inductive 
reactance components at the base and the collector. For 
the input, the series numbers 0.6 +J 0.8 must be con- 
verted to parallel equivalent values, either by using a 
Smith chart or equations in references 3 and 4. The re- 
sulting equivalent values are : Rp = 1 .67 ohms, Xp = 1 .25 
ohms or 880 pF. 

All capacitors have a series inductive reactance com- 
ponent, normally called parasitic inductance. It could be 
only a fraction of a microhenry, but at VHF its effect is 
large enough to be taken into consideration. The para- 



FIGURE 2 — Impedance Matching Network for 35 watt VHF Amplifier 



sitic inductance results in an increased effective value 
of capacitance, and is frequency and impedance-level 
dependent. 

The unencapsulated mica capacitors, widely used in 
VHF power applications, range from 1 to 2 nH in para- 
sitic inductance for a single plate type, (up to 360 to 
390 pF nominal values) depending on the mounting 
technique. Assuming a parasitic inductance of 1.5 nH, 
the equivalent low-frequency value can be calculated 
with Equation 1 as: 



(1) 



<-Equiv , + [(27rf) 2 LC] 10 -9 

where C = effective capacitance required in pF 
L = parasitic inductance in nH 
f = frequency in MHz 

Substituting the values in equation (1): 

r _ 880 

^Equiv j + [(910) 2 x , 5 x 880] 10 -9 



Thus, for the required 880 pF, a capacitor of this 
type with equivalent low-frequency value of 420 pF, or 
the closest standard (390 pF), should be used. 

Similarly, converting the output impedance (2.0 +J 
0.1 ohms) to parallel form, Rp = 2.01 ohms and Xp = 
+J 26.8 ohms. The Xq represents a capacitance value of 
47 pF for C4 (from Equation 2), or a 43 pF nominal 
value. 



C- ht V U (2) 




where X^ = capacitive reactance in ohms 
C = capacitance in pF 
f = frequency in MHz 

This high reactance in parallel with the low collector 
impedance had no noticeable effect and was completely 
omitted in later functional tests of the unit. It would be 
easy to see from a Smith chart that the resistive com- 
ponents of 1.67 ohms and 2.01 ohms remain unchanged, 
and can be treated as a purely resistive load and source 
for the matching network calculations. 

At high frequencies the base-emitter impedance of 
the transistor die itself is always lower than the collector 
output impedance. With power devices, both can be 
only a fraction of an ohm. The input impedance is in- 
creased by the base and emitter bonding wire and package 
lead frame inductances, which are effectively in series 
with the transistor base (Figure 2, Xj and X 2 ). The 
collector has normally much less series inductance since 
it is attached directly to the package bonding pad. 

From this it can be seen that part of the matching 
network is actually built into the transistor package, and 



it is obvious that the amplifier bandwidth cannot be 
accurately determined by calculating the Q values of the 
external matching networks. (See the discussion of a 
75-W linear amplifier.) 

As an approximation, the 3 dB bandwidth can be used 
to obtain a starting point. Assuming a 15 MHz band- 
width at ±1.5 dB is desired at 145 MHz center frequency, 
a loaded Q of approximately 9 is required. For sim- 
plicity this number is applied to both input and output 
network design. 

In Figure 2, Xj and X 2 represent the inductive im- 
pedance component of the transistor and are shown only 
to give an idea of the transistor internal structure. The 
values of Lj, L 2 and C 2 can be obtained from the 
Appendix, or calculated by using Equation 3: 

XL t = R S B 



XL 2 = R L Q 
A 



XC 2 = Q + B 
A = R L (1 +Q 2 ) 



(3) 



where R§ = source impedance 
Rl= load impedance 

ForQ = 9: 

XL] = R S B = 50 X 1.32 = 66 ohms 

XL 2 = R L Q = 1.67 X 9 = 15 ohms 



XC 2 = 



137 _ 



Q + B 9 + 1.32 
A= 1.67 (1 +9 2 )= 137 



13.3 ohms 



where R§ = 50 ohms, Rl = 1 .67 ohms 

- Hfr) 10> 



(4) 



where XL = inductive reactance in ohms 
L = inductance in nH 
f = frequency in MHz 

we have from Equations 3 and 4: 

Lj = 73 nH 
L 2 = 16 nH 
C 2 = 82 pF 
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Subtracting the relay inductance (37 nH) and the 
parasitic inductance of the blocking capacitor Cj (12 nH) 
from the total value of Lj, Li ' = 24 nH. This means the 
total printed line inductance must be Lj ' + L2 = 24 + 1 6 
= 40 nH. 

Calculating the values of the output network in a 
similar manner, the values for L4, L5 and C5 are ob- 
tained as 20 nH, 83 nH and 70 pF, respectively, and L 5 ' 
becomes 34 nH. 

The capacitors employed for and C5 are of the 
same unencapsulated mica type as C3, but smaller in 
size, and their parasitic inductance is only about 1 nH. 
The equivalent values for C2 and C5 would then be 
77 pF and 66 pF according to Equation 1. These are 
nonstandard values, and considering a 5% tolerance, a 
68 pF marked value can be used for both. 

Inductors Lj , L2, L4 and L5 are comprised of etched 
lines on the circuit board. To determine their widths 
and lengths, the inductance of each line per unit length 
must be established. From the tables in the Reference 
section, it can be extrapolated that the inductance of 
#25 round wire is 24 nH per inch and #26 wire nearly 
26 nH per inch. When a ground plane is 0. 1 5 inch below, 
which in this case is the heat sink, and the side grounds 
are off an equal distance, the inductance is about one- 
half of this, which has been verified by measurement. 

If the circuit board is made of 1 -ounce, copper-clad 
material, (one ounce of copper per one square foot) the 
copper thickness is 1.4 mils. With a one mil solder 
plating, the total thickness is 2.4 mils, and a 1 00-mil-wide 
strip would be equivalent to a #26 round wire having a 
240 square mil cross sectional area. Similarly, a 130-mil- 
wide strip would be equivalent to a #25 round wire with 
312 square mil area. A wider line would have lower 
losses but would also be physically longer for a given 
inductance. As a compromise, a narrow line was used for 
the input in this design, and a wider line for the output, 
where the losses due to the high RF currents are more 
evident. Bends in the line have a minimal effect to the 
inductance compared to the presence of the ground 
plane. 

From the above, the resulting inductances for the 
100 mil and 130 mil lines are 13 nH per inch and 12 nH 



per inch, respectively. This means that for Lj + a 
total length of 3.1 inches is required, and 4.4 inches for 
L4 + L5'. Then, for L/j = 16 nH, C2 should be located 
1 .3 inches from the transistor base along the input line. 
For L4 = 20 nH, C5 should be 1.6 inches from the 
collector along the output line. The Power Output and 
Efficiency vs. Power Input of the 35-W amplifier is 
shown in Figure 3. 

FIGURE 3 - Power Input vs. Power Output and 
Collector Efficiency of 35-W Amplifier 
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75-W LINEAR AMPLIFIER 

The MRF247 employed in this design is a version of 
the well-known MRF245, which has been reprocessed to 
improve the linear characteristics. It is a much larger 
device than the MRF240, resulting in lower input and 
output impedances. However, it employs internal base 
matching with a built-in MOS capacitor to bring the 
base impedance up to a level where external low loss 
matching networks can be realized. 

In Figure 4 the dashed line encircles the specially 
designed T matching network, including the metal oxide 
capacitor X4. Xj, X2, and X3 represent the bonding 
wires whose inductances can be varied by controlling 
the loop heights. This network will be part of the total 
matching network designed to match the transistor to 
function in a practical circuit. 



FIGURE 4 - 75-Watt Amplifier Impedance Matching Network 
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Underside View of 75-W Amplifier 




The internal matching still leaves the input impedance 
inductively reactive. 

The MRF247 input impedance under forward biased 
conditions (100 mA) is 0.45 +J 0.85 ohms at 145 MHz, 
which translates to 2.06 +J 1.08 ohms in parallel form. 
A capacitive reactance of -J 1.08 ohms, converting to 
1018 pF is required for C3. The nominal value equiva- 
lent value, using Equation 1, is obtained as 450 pF. 

Since the remaining resistive component of the base 
impedance (2.06 ohms) is only slightly higher than that 
of the MRF240, only minor changes in the input match- 
ing network are necessary. When Lj + lq is fixed, and 
only their ratio can be varied, the resulting Q will be 
lower for the increased Rl. If only Lj + L 2 is known, 
the Q can be calculated with Equation 5 as: 



[4X T 2 + (R S 2 /R L + X T 2 /R L - R S ) 4(R S - Rjjf - 
2(R S -R L ) 



where 

X x = XLj + XL 2 or XL4 + XL 5 



2X T 



(5) 



R<5 = source impedance 
Rl = load impedance 



Reverse for output 
network calculations 



Therefore, 

_ y/[26244-t- (1214 + 3185 -50) (192)1 -~162~ 



95.88 



Q = 



Q= 928-162 
V 95.88 



Q = 8 
where 

X T = XLj + XL 2 = 81 ohms 
RS = 50 ohms 
RL = 2.06 ohms 



Then, with Equations 1, 2, 3 and 4, the values for Li , 
L 2 and C 2 can be calculated as: Lj =71 nH, L 2 = 18 nH, 
C 2 = 63 pF (56 pF nearest standard). The position of C 2 
will be approximately 1.6 inches from the transistor base. 
(See line inductance calculations in the discussion for 
the 35-watt amplifier.) 

The measured output impedance of MRF247 is 0.65 
+J 0.45 ohms, which is much lower and more reactive 
than the values shown for MRF240. The output match- 
ing must also be done with the existing total line in- 
ductance, (L4 + L5) and it can be expected that a higher 
factor of compromise in the output matching is evident 
regarding the network bandwidth. 

The above impedance numbers convert to 0.96 ohms 
resistive and -J 1.39 ohms reactive in parallel form. Since 
-J 1.39 ohms = 790 pF, a nominal value of 400 pF (C4) 
is required at the collector. To find the Q: 

X T = 94 ohms (XL 4 + XL 5 ) 
R s = 0.96 ohms 
Rl = 50 ohms 

Then: 

Q= 13.7 (Eq. 5), and: 
L4 = 13 ohms = 14 nH 
L 5 =81 ohms = 89 nH 
C 5 = 11.8 ohms = 93 pF 

A practical value of 82-91 pF can be used for C5, 
and it should be located 1 . 1 inches along the output line 
from the collector, to give the above inductance values 
for L4 and L5. 

Although the output Q is higher than the value calcu- 
lated earlier for the 40 W unit, the total bandwidth of 
this version is increased as shown in Figure 7. The input 
matching network is usually dominant in determining 
the total bandwidth since the impedance transformation 
required is greater than the output requires, although the 
output circuit also has secondary effect. The internal 
matching elements of the device further make the total 
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effective Q even lower than the calculated value, which 
in this case was 8. The higher output Q usually results in 
higher collector efficiency and better harmonic suppres- 
sion, but at the same time the circulating RF currents 
will increase, resulting in higher overall circuit losses 
which is especially noticeable at increased power levels. 
These factors are difficult to determine without know- 
ing all the internal transistor parameters. 

FIGURE 5 — Power Input vs. Power Output and 
Collector Efficiency of 75-W Amplifier 



100 



80 



e bo 



' 20 









































P Odt > 


















tl 




























f s 


• 






















3.6 V 














r*i 


45 MHz 





































100 



80 . 



40 i 



20 



biased transistor, Q2, to provide a voltage source of 0.6 
to 0.7 volts. When the collector is connected to the base, 
a second current path is formed, decreasing the base 
current according to the hpp, and thus lowering the 
voltage drop across the base-emitter junction. In this 
manner the voltage drop can be adjusted by selecting 
the appropriate hpg for Q2. For the 2N5190 series hpp 
is typically in the range of 80-100, although the mini- 
mum spec is 20-25. 

Typical h FE 's for the MRF240 and MRF247 are 
50-60, and the worst case collector currents around 4A 
and 9A respectively. The minimum base currents re- 
quired, Ip(Q2) are 80 mA and 180 mA (Ic/hp E ). 



R 2 = 



v C c-v BE (Q2) 



= 160 ohms and 75 ohms. 
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CLASS AB BIASING AND 
OTHER CONSIDERATIONS 

The biasing system, as seen in Figure 6, uses a forward 



lE«2) 

The bias, which should not exceed 50 mA for MRF240 
and 150 mA for MRF247, can be further adjusted by 
varying the value of R2,but the minimum Ip(Q2) should 
be maintained. 

It should be noted that since Q 2 is attached to the 
heat sink for temperature tracking purposes, its collector 
must be electrically isolated from the ground. The ano- 
dized surface of the heat sink is normally sufficient, or a 
separate insulating washer can be employed. 

The 0.3 dB relay insertion loss mentioned earlier 
amounts to a VSWR of 1.7:1. However, the reflected 
power is only 0.2% (VSWR = 1 .1 : 1) in a straight-through 
mode (receive), indicating that most of the relay losses 
are due to contact resistance and the dielectric insula- 



FIGURE 6 
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PARTS LIST 

C v C 6 , C 13 - 1000 pF, 300 V dipped mica 

C 2 — 56 pF or 68 pF *, see text 

C 3 , C 4 - 390 pF or 470 pF * *, see text 

Cg — 68 pF or 91 pF *, see text 

Cy — 1000 pF ceramic chip or small disc 

Cg — .01 ceramic disc 

Cg — .1 tif ceramic disc 

C 1Q - 220 nf/6 V tantalum 

Cj i — 3 pF dipped mica 

C 12 - 10 Mf/25 V tantalum 

R 1 — 10 ohms/'/4 W carbon 

R - 120 to 200 ohms/3 W 



I Output 



1 



"1 
°2 



"2 
L,. L 



see text 
2N5190 
2N4401 

1N914 or 1N4148 
1N4001 

L*, Lc — see text 



V '-2' u 4' *-5 
L 3 - 12T AWG #16 enameled wire, 

Vi" I.D. 
Lg — 10 Mh, molded choke 
l_ 7 — .33—1.0 (ih, molded choke 
RL — Arrow M, NF2-12 or equivalent- 
'OMRON, LZN2-UA-DC12 
or equivalent 
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Lauter Avenue * 'Type EMJ1 P.O. Box 67 **TypeJ-101 

Florence, S.C. 29501 Casey, III. 62420 
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tion resistance, rather than impedance mismatch. 

Both amplifier designs may be employed in FM appli- 
cations without modification. The bias networks may be 
omitted and connected to ground, which modifies 
the operation to Class C. The increased input impedance 
of the device operating class C results in increased input 
VSWR, but it will still remain less than 1.5:1 for the 
145-150 MHz band. 



FIGURE 7 - IMD vs. Power Output 
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FIGURE 8 - Power Gain and VSWR vs. Frequency 
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The two amplifiers may be connected in cascade to 
provide a total power gain of around 20 dB; however, 
an attenuator of 4 to 6 dB is required between the two 
units to prevent overdrive of the MRF247. Since 10 to 
20 watts will be dissipated in the attenuator, it cannot 
be built from discrete resistors. Most convenient, size 
and costwise, are the thin film attenuators such as those 
manufactured by Pyrofilm. 

The COR circuit requires 400 to 500 mW for the 
relay to switch. At this drive level, without the attenu- 
ator, the second amplifier would already produce full 
power output. 

The COR (Figure 5) incorporates one of the standard 
circuits popular with mobile add-on amplifiers. Part of 
the RF input signal is being rectified by Dj . The dc turns 
on Q3 which activates the relay. L7 and R3 provide the 
bias for Dj and Q3, and D2 suppresses inductive tran- 
sients produced by the relay coil inductance. A time 
constant for SSB operation is provided by Cj2' whose 
value can be changed according to individual require- 
ments. For FM this capacitor can also be omitted along 
with the bias network. 

The repeatability of these amplifiers has been proven 
by constructing more than half a dozen units. Capacitors 
0-2 an d C5 were simply located within the marked areas 
on the circuit board (see Figure 9 and the photograph). 
On these capacitors, 20% tolerances can be allowed, but 
this may result in adjustments of each individual unit 
for optimum performance. 
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FIGURE 9 - Component Layout Diagram of 35W and 75W Amplifiers 
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FIGURE 10 - Printed Circuit Board Layout 




APPENDIX 

This information was originally published in Motorola 
Application Note AN-267, "Matching Network Designs with Computer Solutions." 

NETWORK D 

for Ci . Variable matching may also be accomplished by 
increasing X^2 and adding an equal amount of Xq in 
series in the form of a variable capacitor. 

TO DESIGN A NETWORK USING THE TABLES 

1. Define Q, in column one, as Xj^j/Rj . 

2. For an Rj to be matched and a desired Q, read the 
reactances of the network components from the 
charts. 

3. Xu' is equal to the quantity Xlj obtained from 

the tables plus |Xp I- 
'-out 

4. This completes the network. 
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The following is a computer solution for an RF "Tee" 
matching network. 

Tuning is accomplished by using a variable capacitor 
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